Na,K-ATPase (NaK-pump) plays an important role in the regulation of intracellular ion composition. The purpose of this study is to determine whether Na' regulates the levels of mRNA coding for NaK-ATPase a and fi subunits in cultured neonatal rat cardiocytes. We measured intracellular Na+ levels (QNa'Ij) in cardiocytes using a Na'-sensitive fluorescence dye (SBFI). 1 mM ouabain caused a significant increase in [Nalji in cardiocytes; from 12.8±03 to 28.8±1.8 mM. Exposure of cardiocytes to 1 mM ouabain resulted in a three-to fourfold increase in al, a2, and a3 mRNA accumulation, and an approximate two-fold increase in fB1 mRNA accumulation. A maximum elevation was reached at 60 min in both cases. The ouabain-induced al mRNA accumulation was still observed in the Ca2"-free culture medium. Exposure of cardiocytes to 10 gM monensin in the absence of extracellular Ca2" also resulted in a threefold increase in al mRNA accumulation. The increased al mRNA expression by 1 mM ouabain was associated with a fourfold increase in al subunit protein accumulation. Transfection experiments with chimeric plasmids containing 5'-flanking sequences of al, a2, and a3 isoform genes and a luciferase reporter gene revealed that 1 mM ouabain caused a twofold increase in luciferase activity in each a system. These results suggest that Na+ directly regulates NaK-ATPase gene expression in cardiocytes. The transfection study further supports the premise that Na+-responsive elements are located within the 5'-flanking sequences of each a isoform gene. (J.
Introduction
Na,K-ATPase (Na,K-pump) maintains intracellular ion composition by transporting Na+ and K+ against their concentration gradients across the cell membrane and plays an important role in many fundamental cellular and physiological processes, such as the control of contractility, excitability, and cell volume regulation. The Na,K-ATPase protein comprises two subunits, a large catalytic a subunit (Mr 1 2,000 kD) ( 1 ) and a smaller glycosylated f3 subunit (M, 35 ,000 kD) (2) . The a subunit contains an intracellular ATP binding site (3) , a phos-Na,K-pump sites was correlated with an increase in [Na+]i, and a complementary downregulation ofNa,K-pump sites was observed when external K+ was replaced or veratridine was removed. Those results suggest that Na,K-ATPase gene expression is both rapidly and directly regulated by changes in intracellular ion composition in cardiocytes, and perhaps by [Na+]j.
In this study, we investigated regulatory mechanisms of Na,K-ATPase gene expression in cultured neonatal rat cardiocytes by Na+. We reveal that Na+ directly regulates Na,K-ATPase gene expression, and that Na+-responsive sequences are located within the 5'-flanking regions of each a isoform gene.
Methods
Culture ofneonatal rat cardiocytes. Primary cardiocytes from 1-d-old Sprague-Dawley rats were prepared using the method of Bloch et al. (21) with minor modifications (14) . After a 0.25% trypsin dissociation, cell suspensions were washed with DME supplemented with 10% FBS and centrifuged at 800 rpm for 10 min. Centrifuged cardiocytes were resuspended in 10% FBS containing DME supplemented with thymidine (0.6 mg/ml), penicillin (20 U/ml), streptomycin (20,ug/ ml) , and gentamicin (20 ,g/ml) , and transferred to culture dishes (Falcon Labware, Oxnard, CA) at a density of 1 X 106 cells/ ml. After a 72-h incubation, the medium was changed to serum-free DME supplemented with insulin (5 ,tg/ml), transferrin (5 gg/ml), selenium (5 Na+ Regulates Na,K-ATPase Gene Expression 1889 ng/ml), and antibiotics. Cells were used for experiments after a 12-h incubation in serum-free DME.
Measurement of [Na+]1. The cultured neonatal rat cardiocytes grown on glass coverslips in 60-mm dishes were rinsed with physiological saline solution (PSS)' containing 140 mM NaCl, 4.6 mM KCl, 1 mM MgCl2,2 mM CaCl2, 10 mM glucose, and 10 mM Hepes, pH 7.4. They were then loaded with 10 MAM sodium-binding benzofuran isophthalate acetoxymethyl ester (SBFI/AM; Molecular Probes, Eugene, OR) for 3 h at 370C (22) (23) (24) (25) (26) . SBFI/AM was dissolved in PSS containing 0.02% pluronic F-127; a nonionic surfactant. After the loading period, the cells on glass coverslips were rinsed with PSS and placed in a quartz cuvette in a fluorescence spectrophotometer (model CAF-I00, Japan Spectrometer, Tokyo). The dual-wavelength excitation method for the measurement of SBFI fluorescence was used. The fluorescence was monitored at 500 nm with excitation wavelengths of 340 and 380 nm in the ratio mode.
[NaJ]i was calibrated by equilibrating [Na+]i with the extracellular Na+ concentration using I X 10-6 M gramicidin. The reference standard solution was made from appropriate mixtures of Na+ and K+, which were adjusted to 135 mM (total Na+ + K+). The [Na+]i was determined from the relationship between the ratio and the authentic [NaJ]i as previously described (22, 23, 25) .
cardiocytes were estimated from fura-2 fluorescence as previously described (22) . The cells were incubated with PSS containing 5 MM fura-2 acetoxymethyl ester (fura-2 /AM) (Dojin Biochemicals, Kumamoto, Japan) for 60 min at 37°C. After aspiration ofthe fura-2/AM solution, the glass slides were rinsed and then placed in a quartz cuvette at 37°C in a fluorescence spectrometer. The fluorescence was monitored at 500 nm with excitation wavelengths of 340 and 380 nm in the ratio mode.
From the ratio of fluorescence at 340 and 380 nm, the [Ca2'+i was determined as described by Grynkiewicz et al. (27) cpm/Mg DNA), using a multiprimer DNA labeling kit (Amersham, Int.). The al cDNA probe consisted of a 2.2 kb Nco I restriction fragment (7). The a2 cDNA probe consisted ofa 2.9 kb fragment restricted by Sac 1 (7) . The a3 cDNA probe consisted of a 1.6 kb Sac I-EcoR I restriction fragment (7) . The #1 cDNA probe consisted ofa 0.9 kb Pst I restriction fragment (29) . The filters were washed twice in 0.2 x SSC at 65°C (1 X SSC contains 150 mM NaCl, 15 mM sodium citrate, pH 7.0). Autoradiography was performed at -70°C overnight and quantitated by densitometric scanning (2202 Ultroscan, LKB Produkter, Bromma, Sweden).
ELISA for al subunit expression. Neonatal rat cardiocytes were seeded into 96-well flat-bottomed microtiter plates in 100 ,l DME containing 10% FBS and thymidine (0.6 mg/ml). After a 72-h incubation, the medium was changed to serum-free DME, and 1 mM ouabain was added to the wells. Cells were incubated at 37°C for 6 h in 95% air and 5% CO2. They were washed twice with PBS containing 137 mM NaCl, 2.7 mM KC1, 1.5 mM KH2PO4, and 8.1 mM Na2HPO4 before being fixed with 1% para-formaldehyde and 0.2% Triton-X for 15 min (31), a 2.5-kb BstE II fiagment of the a2 isoform gene from the 5'-flanking region to just before the translation initiation site in the first exon (+60) (32) , and a 2.6-kb Hind III-Sac II fragment of the a3 isoform gene from the 5'-flanking region to just before the translation initiation site in the first exon (+ 139) (33), were prepared for the reporter gene assay. Each fragment was ligated to a Hind III-digested pSVOA/LA5' vector (pa lLF, pa2LF, pa3LF). pSVOA/LA5' is a vector containing the luciferase gene (34) . The simian virus 40 (SV 40) enhancer and early promoter sequences are linked to the chloramphenicol acetyltransferase (CAT) coding sequence (pSV2CAT). pSV2CAT was used as an internal control ofluciferase gene expression.
Transfection experiments. Neonatal rat cardiocytes were cultured on 60-mm culture dishes in 10% FBS and thymidine (0.6 mg/ml) containing DME for 72 h. 5 Mg ofplasmids (paLF) were cotransfected with I Mg of pSV2CAT into cardiocytes by the calcium phosphate coprecipitation method (35) . The medium was changed to serum-free DME, followed by the addition of 1 mM ouabain for 6 h. Cardiocytes were harvested and lysed, and luciferase activity was measured as described (34) using a luminometer (model 125 1, LKB Instruments) and normalized with CAT activity within the same cell lysate. CAT activity was assayed as described (36) . The acetylated chloramphenicol was separated by thin layer chromatography, and the radioactivity was assayed using a radioanalytic imaging system (AMBIS Systems, San Diego, CA).
Miscellaneous. Data were expressed as the mean±SE. Statistical analysis was performed using the Student's t-test. P values < 0.05 were considered to indicate a statistically significant difference. Chemicals were of the highest grade commercially available.
Results
Effect of ouabain on [NaJ]i. We used ouabain to increase [Na+]i in cultured neonatal rat cardiocytes. Because rat Na,K-ATPase is less sensitive to ouabain, there was no significant increase in [Na+] i after the addition of 0.1 mM ouabain ( Fig. 1 B) , however, the addition of 1 mM ouabain caused a gradual increase in [Na+]i with a peak elevation at 5 min (Fig.   1 A) . As shown in Fig. 2 Effect ofouabain on Na,K-A TPase mRNA expression. We decided to use 1 mM ouabain to increase [Na+]i in rat cardiocytes. After a 12-h preincubation in serum-free DME, cells were exposed to 1 mM ouabain for 6 h, and Na,K-ATPase a and ,B subunit mRNA expression was analyzed by Northern blot hybridization. Cultured neonatal rat cardiocytes expressed a 1, a2, a3, and #31 mRNAs (Fig. 3) . Incubation ofcardiocytes Time ( min ) for 6 h in serum-free DME caused no marked changes in the a and 1 isoform mRNA levels (data not shown), however, the addition of 1 mM ouabain caused a rapid increase in a and 1 isoform mRNA expression. Fig. 4 shows the result ofthe quantitative analysis ofNorthern blot autoradiography. The stimulatory effect of 1 mM ouabain on a 1, a2, and a3 mRNA accumulation reached its maximum at 60 min with a three-to fourfold increase. The ,13 mRNA accumulation also reached its maximum at 60 min with an approximate twofold increase, in a time course similar to that of the a isoforms. These results suggest that Na+ upregulates Na,K-ATPase mRNA expression in cardiocytes, however, the secondary effect of increased [Ca2+ji through the Na+/Ca2+ exchange on the mRNA expression must be also taken into account. To assess this point, we incubated rat cardiocytes in Ca2"-free DME containing 0.1 mM EGTA. As shown in Fig. 5 (Table I) .
To investigate further whether another intervention which increases [Na+Ji also stimulates Na,K-ATPase mRNA expression, we used the polyether monocarboxylic acid sodium ionophore monensin. As shown in Fig. 6 (Fig. 8) , suggesting the existence of Na'-responsive sequence(s) in each a isoform gene.
Discussion
The results of the present study show that Na' directly regulates Na,K-ATPase a and f3 isoform gene expression in cardiocytes. In this study, the primary culture of neonatal rat cardiac myocytes routinely yielded preparations in which > 95% ofthe cells were cardiocytes, as judged by their interaction with a monoclonal anti-myosin antibody (14) ; thus, it is unlikely that the minor degree of fibroblast contamination which existed could account for the Na' response.
Na,K-ATPase is a receptor for cardiac glycosides, such as ouabain and digitalis (5) , and possesses species-associated selectivity. For example, Na,K-ATPase a 1 isoform ofrat tissue is consistently less sensitive to ouabain (Ki of 7 X 10-' M) than that of the shrew, guinea pig, or rhesus monkey (37, 38) . This is attributed to the changed amino acids present at the H 1 -H2 hinge and hence the heterogeneity of the a 1 isoform (39 [Na']i may be associated with many cellular actions such as action potential, ion exchanges, and maintenance of intracellular pH, controlled by Na,K-ATPase, Na+/H+, and Na+/ Ca2' exchanges. It must also be noted that the experimental intervention that increases [Na+]i can also induce changes in intracellular osmolarity, pH, Ca2+, or a combination of the above. Our study suggest that Na+ directly upregulates the expression of Na,K-ATPase mRNA, but the secondary effect of pH or Ca2+ on Na,K-ATPase gene expression must be considered. We observed that the upregulation of Na,K-ATPase gene expression by ouabain was not affected in the presence of 1 mM amiloride, an inhibitor ofthe Na+/H+ exchange (data not shown), suggesting no involvement of the Na+ / H + exchange in the ouabain-induced Na,K-ATPase mRNA expression.
Another conceivable effect of the treatments that result in the upregulation of Na,K-ATPase mRNA expression is a rise in [Ca2"]i through a secondary stimulation of the Na+/Ca2" exchange. Recently, Rayson (42) reported that elevation of
[Ca2+]i stimulated both al and j31 mRNA levels in suspensions ofouter medullary tubular segments. However, Wolitzky and Fambrough (43) observed that the attempt to raise [Ca2+ ji selectively by the exposure of the cells to the calcium ion ionophore A23187 did not result in any change in the amount of Na,K-ATPase, while veratridine significantly stimulated biosynthesis of Na,K-ATPase, concluding that Na' rather than Ca2+ is important in the stimulus for the upregulation of Na,K-ATPase. We investigated the expression ofa I mRNA in Ca2+-free DME containing 0.1 mM EGTA. In the simian virus 40 (SV40) enhancer and early promoter sequences in the 5' end of CAT, were used. They were cotransfected into cultured neonatal rat cardiocytes by the calcium phosphate coprecipitation method. After transfection, the medium was changed to serum-free DME, followed by the addition of 1 mM ouabain for 6 h. Luciferase activity was measured using a luminometer and normalized with CAT activity in the same cell lysate. The acetylated chloramphenicol was separated by thin-layer chromatography. The radioactivity was assayed using a radioanalytic imaging system. Data are expressed as a relative increase in luciferase activity in ouabain-treated cells (+) to nontreated cells (-). cultured canine kidney cells, which peaked at 60 min after initiation oflow K + incubation, followed by a decrease over the next several hours. Taormino and Fambrough (17) reported that veratridine caused a transient twofold increase in the number of Na,K-pump molecules on the surface of cultured chicken myotubes, which was paralleled by a transient threefold increase in the amount of mRNA. Wolitzky and Fambrough (43) also observed a transient increase in the biosynthesis of Na,K-ATPase molecules by veratridine in chick myogenic cultures, with a peak synthesis at 12 h. Rayson (45) reported a transient increase in the rate of Na,K-ATPase synthesis occurred after 12 h of ouabain treatment in cultured kidney cells. We also observed that the exposure of rat cardiocytes to low [K + o (0.8 mM) caused a transient threefold increase in a1 mRNA expression, with a peak elevation at 60 min (46) .
At least two types of isoforms, (31 and (32, have been characterized in rats by cDNA cloning ( 11) , and recently the existence of the (3 isoform has been reported ( 12) . The function of the subunit remains unknown, but it has been suggested that the subunit plays a role in the integration of the a subunits into the membrane (6). 1 mM ouabain caused only a twofold increase in the ( ( 14) also stimulate a 1 mRNA expression in cardiocytes, however, over a more gradual time course with a peak elevation at 6 and 48 h, respectively. The rapid change in the mRNA level by ouabain suggests that transcription is directly regulated, since it is unlikely that a regulatory protein could be synthesized to activate transcription within such a short period. There exists strong evidence that the ion-and hormone-mediated regulation of Na,K-ATPase are achieved through different mechanisms (48) . To further investigate whether Na'-responsive elements are located within the 5'-flanking regions ofeach a isoform, we performed a reporter gene assay and observed that 1 mM ouabain caused a twofold increase in luciferase activity in each a isoform system. We therefore speculate Na+ responsive sequences are located within the 5'-flanking regions of each a isoform and Na' directly stimulates Na,K-ATPase gene transcription, even though the Na+ -responsive sequence location still remains unknown.
The apparent necessity of cardiocytes to express Na,K-pump sites to compensate for the high Na' load is important. In this study, we revealed that Na' directly regulates Na,K-ATPase gene expression in cardiocytes and Na'-responsive sequences might be located within the 5'-flanking regions of each a isoform.
